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Cellular immune signatures and
differences of four porcine circovirus type
2 vaccines to heterologous PCV2d
infection
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Guanghao Yin5, Xianfeng Jia5, Xiaoli Hao1 & Shaobin Shang1,6

Multiple PCV2 vaccines originating fromdifferent antigens and formula are commercially available and
have shown great effectiveness in protecting pigs from clinical disease. However, our understanding
of the immune mechanisms underlying these vaccine-induced protection is fairly limited, except for
antibody responses. Head-to-head comparisons of T-cell responses induced by these vaccines in
pigs would provide valuable insights into themechanisms of protective immunity against PCV2. Here,
T-cell responses in peripheral blood of pigs after vaccination with four representative PCV2 vaccines,
aswell as local and systemic recall responses following challengewith aPCV2d strainwere examined.
All four PCV2 vaccines induce a rapid cellular immune response that could be detected as early as 7
days post-vaccination. Some vaccine-primed CD4 T cells exhibit multifunctionality, being capable of
secreting double (IFNγ/TNFα) and even triple cytokines (IFNγ/TNFα/IL-2) simultaneously. In contrast, a
weak CD8 T cell response was also detected in the vaccinated pigs but just IFNγ/TNFα double
producer and lack of cytotoxicity. These vaccine-activated CD4 and CD8 T cells displayed
phenotypes of effector memory or terminally-differentiated effector memory T cells, which rapidly
expand to subsequent PCV2d challenges. Prior-vaccinated pigs exhibited a stronger T cell cytokine
response post-challenge, being most evident in the spleen. Notably, the cellular immune response
induced by different types of PCV2 vaccines exhibited high similarity in phenotypic and functional
properties, while showing significant differences in kinetics andmagnitude. These results advance our
understanding of cell-mediated immune protection afforded by different PCV2 vaccines and unravel
fundamental differences in cellular immune response induced by PCV2 vaccines utilizing diverse
technologies.

Porcine circovirus type 2 (PCV2), a small, non-enveloped, single-stranded
circular DNA virus belonging to the genus Circovirus within the family
Circoviridae, is the primary causative agent of porcine circovirus-associated
diseases (PCVAD)1. Pigs infected with PCV2 alone rarely develop clinical
disease2. However, PCV2 infection causes immunosuppression in pigs,

thereby leading to increased susceptibility to other pathogens and impaired
immune response to other vaccinations3. Co-infection of PCV2 with other
pathogens, such as porcine reproductive and respiratory syndrome virus
(PRRSV), porcine parvovirus (PPV),Mycoplasma hyopneumoniae (Mhp),
etc., occurs frequently in swine herds, and results inmore severe disease and
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highermortality rates4. Currently, PCV2has become a ubiquitous pathogen
with a global footprint, causing severe economic losses to the swine industry
worldwide.

The prevention and control of PCVAD heavily relies on vaccination.
Over the last fewdecades,manyvaccines forPCV2havebeendevelopedand
widely applied in swine herds. At present, there are five commercial PCV2
vaccines in the internationalmarket and at least ten available in the Chinese
market5. These vaccines are classified into three types based on selected
antigens and formula: inactivatedwhole virus vaccines, inactivated chimeric
virus vaccines, and recombinant capsid-based subunit vaccines6. All types of
PCV2 vaccines have been shown to improve growth performance, alleviate
clinical signs of PCVAD, and reduce the impact of PCV2 infection on swine
health6.However, currentPCV2vaccines are considered “leaky vaccines”, as
they do not eliminate viral replication or transmission6,7, which may be a
factor for the persistence of the virus in swine herds.Additionally, PCV2has
undergone genotype shifts two times in the past twodecades, changing from
PCV2a to PCV2b and then to PCV2d8. To date, PCV2d has emerged as the
predominant genotype in many countries, including China8–10, whereas
existing PCV2 vaccines have been developed based on PCV2a or PCV2b
subtypes5,7. Although numerous studies show that these vaccines could
provide sufficient cross-protection against PCV2d under experimental
conditions5,7,11, the outbreaks of PCV2d-causedPCVADhave been reported
in some vaccinated swine herds12–14, indicating these vaccines may not be
capable of fully controlling heterologous PCV2 infection. Thus, a side-by-
side comparative study of immune responses induced by current PCV2
vaccines is likely to be informative for understanding protective immunity
against PCV2, thereby guiding the development of more potent and
broader-spectrum vaccines.

Humoral immune response against PCV2 has been shown to play a
critical role in safeguarding from subsequent infections15–19. Reductions in
viral load have been reported to coincide with the emergence of virus-
neutralizing antibodies18,19. The very low incidence of PCVAD in piglets
younger than 4 weeks of age is also attributed to the protective effect of
maternally derived neutralizing antibodies20–22. However, PCV2 viremia is
frequently observed in seropositive pigs23,24, and vaccines can confer pro-
tection against PCV2 infection even without inducing antibody response or
only eliciting low levels of antibody25,26, indicating that theprotection against
PCV2 infection may not rely solely on humoral immunity. Cellular

immunity is an equally important arm of acquired protective immunity as
humoral immunity, but current knowledge on the cellular immune
response to PCV2 is sparse. Previous research indicated that both CD4 and
CD8 T cells are involved in antiviral immune responses27, and PCV2-
specific IFNγ-secreting cells (IFNγ-SCs) potentially contributed to viral
clearance17,28,29. Later on, PCV2-specific IFNγ/TNFα-co-producing CD4
T cells were identified during natural infection and vaccination and are
speculated to be a potential correlate of protection26. Importantly, evidence
that implied the presence of cellular memory responses to PCV2 has
emerged in some studies28,30. Overall, the existing data support the crucial
role of cellular immune responses in PCV2 protective immunity.

The present study aimed to elucidate the magnitude, kinetics, and
characteristics of cellular immune responses elicited by various types of
PCV2 vaccines, with a particular focus on memory responses following
challenges with heterologous strains. Four PCV2 vaccines produced using
different types of antigens and adjuvants were selected for evaluation,
including two capsid-based subunit vaccines (Jinyu Biotechnology, China
andBoehringer Ingelheim,Germany), an inactivated chimeric virus vaccine
(Zoetis, USA), and an inactivated whole virus vaccine (Huizhong Biotech,
China). Multiple indicators of cellular immune response, such as IFNγ-SC
response, T cell cytokine response, CD8 T cell cytotoxicity, T cell memory
subsets, and T-cell proliferative capacity, were examined in the blood and
tissues. Furthermore, we performed virological tests to assess the cross-
protection offered by these vaccines against PCV2d. To our knowledge, this
is themost comprehensive evaluation of cellular immune response to PCV2
thus far and provides critical insights into the mechanisms of protective
immunity and may have implications for understanding vaccine-induced
protection against other swine pathogens.

Results
PCV2-ORF2-specific IFNγ-SC responses induced by different
vaccines exhibit distinct kinetics
A range of immunological assays was performed at indicated time points
to comprehensively evaluate the cellular immune response in blood and
tissues (Fig. 1). Firstly, IFNγ-ELISPOT assays were conducted in per-
ipheral blood mononuclear cells (PBMCs) upon restimulation with
PCV2-ORF2 antigen to assess the overall magnitude and time course of
the peripheral T-cell responses elicited by different vaccines (G1-G4).

Fig. 1 | Experimental design of T-cell immune responses. Thiry SPF pigs were
divided into six groups (5 pigs/group): Mock (tangerine), PCV2d (red), G1 (green),
G2 (mustard), G3 (blue), andG4 (purple) group. TheG1-G4 groups were vaccinated
with different vaccines, while the PCV2d and Mock groups served as negative
controls. At 28 dpv, the G1-G4 and PCV2d groups were challenged with PCV2d,
while the Mock group remained unchallenged. Heparinized blood was collected

weekly (0, 7, 14, 21, 28 dpv, and 7, 14 dpc) to prepare peripheral bloodmononuclear
cells (PBMCs) for different immunological assays at indicated time points. All pigs
were euthanized at 42 dpv (14 dpc), and spleen and inguinal lymph node (ILN) were
collected to isolate mononuclear cells (MNCs) for several immunological tests. This
figure and all its elements were originally created by the authors using Adobe
Illustrator and Microsoft PowerPoint without adaptation of copyrighted material.
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The results showed all four PCV2 vaccines induced rapid cellular
immune responses in blood. Specifically, most vaccinated pigs (G1: 4/5,
G2: 3/5, G3: 4/5, G4: 4/5) developed PCV2-ORF2-specific IFNγ-SC
response at 7 dpv (Fig. 2a). Following vaccination, the frequency of
PCV2-ORF2-specific IFNγ-SCs remained at basal level (lower than the
LOD) in theMock group, gradually increased over time in the G2 group,
and peaked before declining in the G1, G3, and G4 groups (Fig. 2a, b).
Consequently, the majority of pigs in the G2 group reached peaks of

IFNγ-SC responses at 28 dpv, whereas most pigs in the G1, G3, and G4
groups peaked at 14 dpv (Fig. 2c). Consistent with the above observa-
tions, the frequency of PCV2-ORF2-specific IFNγ-SCs in the G1, G3,
and G4 groups was significantly higher than that in the G2 group at 14
dpv (Fig. 2a, top panel).

Taken together, these results indicated all four PCV2 vaccines effec-
tively induce a peripheral T-cell response in pigs, while exhibiting distinct
dynamic profiles.

Fig. 2 | ThePCV2-ORF2-specific IFNγ-SC responses in PBMCs after vaccination.
PBMCs from different groups were prepared at indicated time points to enumerate
the IFNγ-secreting cells (IFNγ-SC) following stimulationwith PCV2-ORF2 antigen,
with cRPMI-incubated cultures serving as blank controls. aDynamic changes of the
PCV2-ORF2-specific IFNγ-SC in PBMCs across all groups post-vaccination. Data
was expressed as the number of IFNγ-SC/106 PBMCs after background subtraction.
Individual pigs were shown as gray symbols with connecting lines. The dotted black
line indicates the limit of detection (LOD) and the thick color-coded lines represent
the mean at each time point post-vaccination. Statistical significance was analyzed

using an unpaired two-tailed t-test with Welch’s correction when indicated.
“Intergroup Comparison” on the top panel shows the difference between each time
point in different groups, color-coded per comparison based on the group compared
(Mock-tangerine, G1-green, G2-mustard, G3-blue, and G4-purple). P values < 0.1
are indicated in bold, and <0.05 are shown in underlined and bold. Responders on
the top depict the number of pigs with positive responses at different time points.
b Representative images of ELISPOT wells of each group at 0, 7, 14, 21, and 28 dpv.
c Temporal patterns of peak IFNγ-SC responses across groups.
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PCV2-ORF2-specificmultifunctional T-cell responses elicited by
various vaccines share comparable features
In addition to the magnitude, the quality of T-cell response, defined as T
cells that exert multiple effector functions simultaneously (multi-
functionality), was shown to be very critical for vaccine-induced
protection31. We therefore analyzed cytokine profiles of circulating CD4
(CD3+ TCRγδ− CD4+) and CD8 T cells (CD3+ TCRγδ− CD4− CD8α+)
when stimulated with PCV2-ORF2 antigen by intracellular cytokine
staining (ICS) at 14 and 28 dpv. The cytokine profile included seven
cytokine-secreting subsets: single producers (IFNγ+ TNFα− IL-2−, IFNγ−

TNFα− IL-2+, IFNγ− TNFα+ IL-2−), double producers (IFNγ+ TNFα+ IL-
2−, IFNγ+ TNFα− IL-2+, IFNγ− TNFα+ IL-2+), and triple producer (IFNγ+

TNFα+ IL-2+).
PCV2-ORF2 specific CD4 T cell responses were detectable in more

than half of pigs in each vaccinated group (Fig. 3b, d). Cytokine profiling
identified IFNγ/TNFα double producer and IFNγ/TNFα/IL-2 triple pro-
ducer as the most predominant cytokine-secreting subsets among PCV2-
ORF2 specific CD4 T cells, with these cytokine secretion profiles remaining
remarkably consistent across different vaccinated groups (Fig. 3a–d).
Notably, the frequencies and responder numbers of double/triple cytokine-
producing CD4 T cells decreased in the G1, G3, and G4 groups at 28 dpv
compared to 14 dpv, whereas G2 group displayed a potential increase trend
(Fig. 3b, d). These dynamic profiles paralleled the kinetics of PCV2-ORF2-
specific IFNγ-SCs (Fig. 2a, c).

CD8 T cell cytokine responses induced by these four vaccines were
predominantly characterized by IFNγ/TNFα double producer, indicating a
less differentiated state compared to CD4 T cells (Fig. 4a–c). The dynamics
of CD8 T cell cytokine response (including the percentage and responders)
were consistent with those of the CD4 T cell cytokine responses and IFNγ-
SC responses in the G1, G2, and G3 groups, while an opposite trend was
noted in the G4 group (Fig. 4b, c).Moreover, the cytotoxicity of CD8T cells
was also assessed at 14 and 28 dpv using aCD107a degranulation assay, and
CD8 T cells from only three pigs (spread over three vaccine cohorts) at 28
dpv displayed cytotoxicity (Supplementary Fig. 1a, b).

These overall findings suggested that T cells elicited by four distinct
PCV2 vaccines possess highly similar functional properties, and indicated
that all four PCV2 vaccines induced multifunctional CD4 T cell responses
and a comparatively weaker CD8 T cell response, albeit with variations in
magnitudes and kinetics.

T cells evoked by distinct PCV2 vaccines display similar memory
phenotypes
Having observed the presence of PCV2-ORF2-specificT cells in the PBMCs
from vaccinated pigs, we set out to explore thememory phenotypes of these
responding cells via multiparameter flow cytometry. Previous studies
showed that porcine CD4 T cells can be sorted into three categories: naïve
(CD4 TN cells, CD27+ CD8α−), central memory (CD4 TCM cells, CD27+

CD8α+), effectormemory (CD4TEM cells, CD27−CD8α+), andCD8T cells
canbedivided into four subgroups: naïve (CD8TNcells, CD27

+CD45RA+),
centralmemory (CD8TCMcells,CD27+CD45RA−), effectormemory (CD8
TEM cells, CD27− CD45RA−), terminally-differentiated effector memory
(CD8 TEMRA cells, CD27− CD45RA+)32,33.

With the progression of time, a more pronounced decrease in the
percentage of CD4 TN cells (Supplementary Fig. 2a, top panel) and a faster
increase in the frequency of CD4TEM cells (Fig. 5a, b, top panel) were found
across four vaccinated groups compared to the Mock group. Although
temporal fluctuations in CD4 TCM cells were observed (Supplementary Fig.
2b), intergroup comparisons revealed no significant differences (Supple-
mentary Fig. 2b, top panel). Notably, the G2 group was the only vaccine
cohort showing no significant difference in CD4 TEM cell levels from
baseline at 14 dpv (p = 0.087; Fig. 5b), suggesting delayed differentiation of
CD4 memory subsets in this cohort compared to other vaccine groups.

Similarly, the percentage of CD8 T cells with TEM and TEMRA phe-
notypes increased quicker in the four vaccinated groups compared to the
Mock group with increasing time (Fig. 5c, d, top panel), while the

proportion of CD8 TN and TCM cells decreased more rapidly (Supple-
mentary Fig. 2c–e, top panel). Notably, at 28 dpv, CD8 TEM cell frequencies
in the G4 group demonstrated the least divergence from both the Mock
group (p = 0.057; Fig. 5c, top panel) and its baseline (p = 0.055; Fig. 5c)
across vaccine cohorts. Conversely, this group exhibited a higher percentage
of CD8 TEMRA cells among four vaccine cohorts at this time point, showing
significant differences from G2 and G3 groups (Fig. 5d, top panel), indi-
cativeof a greater propensity to theCD8TEMRAphenotypes in theG4group.
Furthermore, at 14 dpv, intragroup comparisons revealed the G2 group
exhibited the smallest divergence inCD8TEM cell frequencies frombaseline
among vaccinated groups (Fig. 5c). Simultaneously observed TEMRA cell
dynamics paralleled this pattern, with the G2 group maintaining pro-
portionally smaller deviations from baseline despite two pigs showing ele-
vated responses (Fig. 5d). These findings collectively suggest the G2 group
exhibits slower kinetics in CD8 T cell memory subset alterations, compar-
able to those observed in CD4 T cell.

Overall, these findings suggested that CD4 TEM, CD8 TEM, and CD8
TEMRA cells, were all predominant among the T cell subsets induced by four
different PCV2 vaccines.

PCV2 vaccines confer significant but incomplete cross-
protection against PCV2d
Currently, PCV2d has displaced both PCV2a and PCV2b as the pre-
dominant genotype worldwide8–10. To evaluate the cross-protection of four
vaccines, pigs in four vaccinated groups (G1-G4) and one unvaccinated
group (PCV2d) were all challenged with CQ2302 PCV2d strain at 28 dpv,
while the Mock group was used as the unvaccinated unchallenged control.
After the challenge, none of the pigs exhibited clinical symptoms (data not
shown) or rectal temperatures above 40 °C (Fig. 6a). Meanwhile, the weight
gain of the PCV2d group was significantly lower than four vaccinated
groups and theMock group during 7–14 dpc (Fig. 6b), and PCV2d viremia
and viral shedding (nasal and fecal) were detected only in PCV2d group
(Fig. 6c–e), suggested that all four vaccines provide adequate protection
from PCV2d infection. However, autopsies showed that the virus was still
detectable in tissues (lung and ILN) from all vaccinated groups, indicating
these vaccines did not completely clear the virus (Fig. 6f). These results
revealed that all four PCV2 vaccines could provide sufficient cross-
protection against PCV2d, but did not induce sterilizing immunity.

The proliferating T cell memory subsets following the challenge
show high consistency across distinct vaccine cohorts
The recall responsemediated bymemoryT cells is generallymore rapid and
vigorous than the primary response. Thus, we performed Ki-67 staining
combined with memory subsets phenotyping to assess the magnitude of
T-cell anamnestic response following the PCV2d challenge. At 7 dpc,
proliferative responses in total CD4 T cells and distinct memory subsets
showed no statistical differences between any challenged groups (G1-G4,
PCV2d) and Mock group (Supplementary Fig. 3a–c), indicating a basal
homeostatic proliferative state across all cohorts during this early phase.
Divergence emerged by 14 dpc: the G1 group exhibited remarkably
enhanced proliferation in total CD4 T cells compared to both Mock and
PCV2d groups (Fig. 7b, Supplementary Fig. 3a). Phenotypic analysis
identified CD4 TEM cells as the predominant proliferating populations
amongmemory subsets, with their percentage significantly higher than that
of the Mock group and the PCV2d group (Fig. 7a, c). Comparable trends
were also noted in the G3 groups despite lacking statistical significance
compared to thePCV2d group (Fig. 7b, c).Notably, only very fewpigs in the
G2/G4 groups displayed similar proliferative responses at this time point
(Fig. 7b, c). These observations collectively indicateCD4TEMcells dominate
the secondary response of CD4 T cells while revealing recall response het-
erogeneity across vaccine groups.

Regarding the CD8 T cells, no significant differences in proliferation
levels were detected between any vaccinated group and PCV2d group at
examined time points (Fig. 7d, Supplementary Fig. 3d). However, further
phenotypic analysis revealed different distribution patterns of memory
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Fig. 3 | The multifunctional CD4 T-cell responses in PBMCs after vaccination.
Intracellular cytokine staining of PBMCs isolated from14 and 28 dpvwas performed
following restimulation with PCV2-ORF2 antigen, with cRPMI-incubated cultures
as blank controls. Representative dot plots for IFNγ/TNFα double-positive and
IFNγ/TNFα/IL-2 triple-positive CD4 T cells in PBMCs from different groups at 14
dpv (a) and 28 dpv (c). Comparison of single-, double-, or triple-positive cytokine
responses in CD4 T cells at 14 dpv (b), and 28 dpv (d) among different groups. Each

colored symbol represents background-subtracted data from one pig, with hor-
izontal lines indicating mean ± standard deviation (SD). The limit of detection
(LOD) is shownwith dashed black lines. Responders on the top depict the number of
positives within different groups. Statistical significance was analyzed using an
unpaired two-tailed t-test with Welch’s correction when appropriate; ns non-sig-
nificant, *P < 0.05, **P < 0.01.
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subsets in proliferating CD8 T cell from vaccinated and PCV2d group
(Fig. 7a, e). Specifically, at 14 dpc, compared to the Mock group, the pro-
liferatingCD8Tcell skewedmemoryphenotypes towardTEM in thePCV2d
group but toward TEMRA in the four vaccinated groups (Fig. 7a, e). These
differences in proliferating CD8 T cell subsets were further confirmed by
comparing each vaccinated group with the PCV2d group (Fig. 7e), indi-
cating the presence ofmemoryCD8T cell responses.Notably, the hierarchy
of proliferating CD8 TEMRA cells across vaccine groups (Fig. 7e) was highly
similar to those observed in proliferating CD4 TEM cells.

In conclusion, these findings suggested that prior vaccine-primedCD4
TEM and CD8 TEMRA cells mediate recall responses to the PCV2d challenge

while revealing substantial heterogeneity in recall response magnitude
across vaccine groups.

Vaccination may promote the functional enhancement of circu-
lating T cells in response to the PCV2d challenge
To further evaluate the magnitude and quality of the secondary T cell
response, a series of ex vivo immunological assays, including IFNγ-ELI-
SPOT, ICS, and degranulation assay, were performed in PBMCs following
restimulation with PCV2-ORF2 antigen. Pigs in the PCV2d group devel-
oped PCV2-ORF2-specific IFNγ-SC responses at 7 dpc that progressively
increased over time, while secondary expansion of IFNγ-SCs was not

Fig. 4 | Themultifunctional CD8T-cell responses in PBMCs after vaccination.At
14 and 28 dpv, intracellular cytokine staining of PBMCs was conducted after in vitro
restimulation with PCV2-ORF2 antigen, with cRPMI-maintained cultures as blank
controls. a Representative graphs for IFNγ/TNFα double-positive CD8 T cells in
PBMCs from different groups at 14 and 28 dpv. Comparison of single-, double-, or
triple-positive cytokine responses in CD8 T cells at 14 dpv (b), and 28 dpv (c) across

distinct groups. Background-subtracted data are shown as scatterplots with indi-
vidual samples (dots); the horizontal line represents the mean; error bars show
standard deviations (SD); dashed black line denotes the limit of detection (LOD);
Responders (top row) depicts the number of positives in diverse groups. P values
were determined from an unpaired two-tailed t-test with Welch’s correction as
appropriate.

https://doi.org/10.1038/s41541-025-01138-5 Article

npj Vaccines |           (2025) 10:92 6

www.nature.com/npjvaccines


evident in any vaccinated groups (Fig. 8a, b). In addition, the cytotoxicity of
CD8T cellswas detected in twopigs from thePCV2dgroupbut absent in all
vaccinatedpigs (SupplementaryFig. 1c, d).Ofnote, triple cytokine-secreting
CD4andCD8Tcellswere only observed in vaccine cohorts, albeit limited to
a few pigs (Fig. 8c, d). Importantly, the percentage or responder numbers of
triple-producers showedapotential increase trend from0dpc (28dpv) to14
dpc (Figs. 3d, 4c, and 8c, d), being evident in the G1 and G3 groups which
showed relatively superior proliferative response across vaccine cohorts.

Collectively, these findings indicated that prior vaccination did not
enhance the cytokine-producing magnitude of peripheral T cells upon the
PCV2d challenge. Instead, the enhancement of T cell quality observed in
some pigs may be the hallmark of memory responses.

Vaccination enhances T-cell cytokine responses in secondary
lymphoid tissues following the PCV2d challenge
Secondary lymphoid organs, including ILNand the spleen, are important sites
for the activation of T cells, hence these tissues were collected during necropsy
to analyze cellular immune responses. In the spleen, PCV2-ORF2-specific
IFNγ-SCsweredetected at similar frequencies between four vaccinated groups
and PCV2d group (Fig. 9a, b). However, PCV2-ORF2-specific T cells dis-
played distinct cytokine expression profiles. Higher frequencies of triple-
positive CD4 T cells were found in any vaccinated groups than in the PCV2d
group, along with a greater number of responders, while the opposite was
noted for single producers (Fig. 9c, d). IFNγ/TNFα double producer domi-
nated among double cytokine-producing T cells, with no difference between

Fig. 5 | The dynamic changes of different memory T cell subsets in PBMCs after
vaccination. Prepared PBMCs were utilized to analyze the phenotypic changes in
CD4 and CD8 T cells at 0, 14, and 28 dpv. (a) Representative dot plots of CD27 and
CD8α expression on CD4 T cells in PBMCs from different groups at 0, 14, and 28
dpv. The values in the quadrants indicate the percentages of each CD4 T cell subset,
with red-shaded areas depicting the percentage of CD4 TEM cells. Dynamic changes
of CD4 TEM cells (b), CD8 TEM cells (c), and CD8 TEMRA cells (d) in PBMCs from
different groups. Groups are color-coded: Mock in tangerine, G1 in green, G2 in
mustard, G3 in blue, and G4 in purple. Gray symbols indicate individual samples,

connected by gray lines. Color-coded bold lines represent the mean at each time
point. Statistical significance of different groups at each time point was determined
using an unpaired two-tailed t-test with Welch’s correction as appropriate and is
shown as “Intergroup Comparison” on the top panel, color-coded based on the
groups compared. 0.05 ≤ P values < 0.1 are shown as bold; P values < 0.05 are
indicated by bold underline; P values < 0.001 are denoted as 0.000. Asterisks indicate
significant intragroup differences between points in time (*P < 0.05, **P < 0.01,
***P < 0.001) as detected by paired t-tests.
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thevaccinatedgroupsandthePCV2dgroup(Fig. 9d).Acomparable trendwas
also observed in CD8 T cells cytokine response (Fig. 9c, e), albeit less evident
compared to CD4 T cells. In the ILN, PCV2-ORF2-specific IFNγ-SCs were
also detected, with G1 and G3 groups showing higher frequency than others
despite lacking statistical difference (Fig. 9a, b). Unfortunately, weak T-cell
responses limited the analysis of cytokine-secreting profile data (Supplemen-
taryFig. 4a, b).Additionally, thecytotoxicityofCD8Tcellswasundetectable in
both the spleen and ILN across all groups (Supplementary Fig. 1e).

Overall, the G1 group exhibited a relatively stronger cellular immune
response in both the spleen and ILN, the G3 group displayed a slightly
enhanced T cell response than the G4 group in the ILN, but a marginally
weaker response in the spleen, while the G2 group showed the weakest
cellular immune response in both tissues. Importantly, these results indi-
cated that prior PCV2 vaccinations enhance T cell quality in the spleen to
subsequent PCV2d challenge while exerting limited effects on cellular
immune response in the ILN.

Discussion
PCV2 vaccines have achieved extraordinary success in protecting against
infection and PCVAD, but several limitations persist, including incomplete

viral clearance and insufficient cross-protection7,34,35. By evaluating a range
of quantitative metrics of cellular immune responses, this study system-
atically elucidates the characteristics and differences of T-cell immunity
induced by different types of PCV2 vaccines to heterologous PCV2d
infection. As far as we know, this is the first study to conduct such a large-
scale evaluation of T-cell immune responses to veterinary vaccines using
such rich outcome indicators, and all samples collected from different
vaccine cohortswere processeduniformly and analyzed concurrently on the
same experimental platform to ensure the consistency and reliability of
the data.

In the present study,mixtures (PCV2-ORF2 antigen) of capsid protein
and peptide pools spanning capsid protein were used to identify antigen-
specific T cells, as they amplify the signal of response, thereby improving
detection sensitivity, compared to stimulation with either recombinant
protein or peptide pools alone (data not shown). After a single vaccination,
PCV2-ORF2-specific IFNγ-SCs can be detected as early as 7 dpv. However,
this finding may be overestimated relative to the real field conditions since
the data were obtained under strictly clean conditions using SPF pigs.

A prior report demonstrated that all pigs protected by vaccination
developed antigen-specific IFNγ/TNFα co-secreting CD4 T cells, whereas

Fig. 6 | The protective efficacy of different vaccines against PCV2d challenge.
After the challenge, rectal temperature was measured daily, body weight was
monitored at 0, 7, and 14 dpc, and viremia, viral shedding, and viral load of tissues
were determined by detecting PCV2 DNA. Rectal temperature (a), average daily
weight gain (b), viremia (c), fecal viral shedding (d), nasal viral shedding (e), and
viral load of tissues (f) in distinct groups after the PCV2d challenge. Rectal tem-
peratures are shown as means ± standard deviation (error bars), and above 40 °C
(indicated by dashed line) are defined as fever. The average daily weight gain

(ADWG) of individual animals is expressed as a color-coded symbol with midline
and bars indicating means ± standard deviation. In (c–e), symbols represent the
mean, the vertical bars indicate ± one standard deviation, and the numbers on the
top of the error bar depict the percentage of positives in the PCV2d group at different
time points. Data in (f) is expressed as per (b). Asterisks in (b, f) denote significant
differences (*P < 0.05, ***P < 0.001) between the indicated groups, as determined
by an unpaired two-tailed t-test with Welch’s correction as appropriate.
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less than half of pigs generated PCV2-specific antibodies, indicating that
these T cell subsets may correlate with vaccine-mediated protection26.
Regrettably, they neglected the detection of IL-2 production. Although IL‑2
has almost no direct effector functions, it promotes T cell proliferation and
amplifies T‑cell responses, thereby is frequently combined with IFNγ and
TNFα as a simple set of cytokines to assess T cell quality31. In this study, we
found that PCV2 vaccine-induced CD4 T cells exhibited the capacity to
concurrently secrete two and even three cytokines (IFNγ/TNFα/IL-2), with
varying magnitude of multifunctional T cell responses across vaccines.
These findings underscore both the functional diversity of CD4 T cells and
their crucial role in PCV2 vaccine-induced immune protection. PCV2-
specific CD8 T cells have been identified in PCV2 vaccinated/infected pigs
using IFNγ-ELISPOT or T cell activation assay27,30, but detailed functional
characterizations remained unknown. Our results showed that most vac-
cinated pigs developed antigen-specific CD8 T cells that co-produced two
cytokines (IFNγ/TNFα) but rarely three cytokines (IFNγ/TNFα/IL-2),
implying a relatively minor role of CD8 T cells compared to CD4 T cells.
Unsurprisingly, cytotoxic CD8 T cells were scarcely detectable following
vaccination, indicating the viruswill be difficult to eradicate once infection is
established. Considering the inherent limitations of inactivated/subunit
vaccines in eliciting cellular immunity, the emergence of any CD8 T cell
responses in this study is particularly noteworthy. The observed CD8 T cell
activation is likely attributable to adjuvant-mediated cross-presentation

enhancements, that was evidenced for squalene36 (adjuvant for G1
vaccine37) and carbomer38 (adjuvant for G2 vaccine37). Although the adju-
vants in G3 and G4 vaccines remain undisclosed, their induction of CD8 T
cell responses implies potential cross-presentation facilitation capabilities.
Additionally, memory phenotype analysis revealed that all tested PCV2
vaccine-inducedmemoryT cell subsetswere characterized byCD27−Tcells
(TEM and TEMRA cells), contrasting with previous reports of a homogenous
distribution of TEM and TCM cells within PCV2-specific CD4 T cells26. The
reasons for this may be manifold, with the adoption of bivalent vaccines
rather thanmonovalent ones and the porcine background potentially being
key factors.

In this study, theG2group exhibiteda unique delayed cellular response
in terms of IFNγ-SC response,multifunctional T cell response, andmemory
phenotype alterations. This dynamic divergence likely stems fromadjuvant-
specific effects, as the same capsid antigen formulated with different adju-
vants (carbomer in G2 versus an undisclosed adjuvant in G4) elicited dis-
tinct response kinetics. The delayed response in theG2group alignswith the
retention and delayed release properties of carbomer39. Additionally, the G4
vaccine displayed distinctive immunodifferentiation capacity,manifested as
a preferential propensity of CD8 T cell memory subsets towards TEMRA

phenotypes at 28 dpv and enhanced CD8 T cell cytokine responses (despite
being limited to some pigs) from 14 dpv to 28 dpv, which may also be
attributable to adjuvant-specific effects.

Fig. 7 | The proliferation levels of different T cell subsets from PBMCs at 14 dpc.
PBMCs were isolated at 14 dpc to evaluate Ki-67 expression in different T cell
subsets. a Representative dot plots of CD27 and CD8α expression on Ki-67+ CD4
T cells (left), and CD27 and CD45RA expression on Ki-67+ CD8 T cells (right) in
PBMCs of each group at 14 dpc. Numbers in quadrants indicate the percentage of
cells. Red-shaded and green-shaded areas depict the percentage of effector memory
cells and terminally differentiated effectormemory cells, respectively. bComparison
of the Ki-67 expression in CD4 T cells among groups at 14 dpc. cComparison of the

Ki-67 expression in CD4 TN cells, CD4 TCM cells, and CD4 TEM cells among groups
at 14 dpc. d Comparison of the Ki-67 expression in CD8 T cells across groups at 14
dpc. eComparison of theKi-67 expression inCD8TN cells, CD8TCM cells, CD8TEM

cells, and CD8 TEMRA cells across groups at 14 dpc. Each colored symbol represents
an individual animal; horizontal lines show the mean; error bars indicate standard
deviation (SD). Asterisks denote statistically significant differences (*P < 0.05,
**P < 0.01, ***P < 0.001) between the specified groups, as determined by an
unpaired two-tailed t-test with Welch’s correction applied when appropriate.
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Fig. 8 | PCV2-ORF2-specific T-cell cytokine response in PBMCs after the PCV2d
challenge.The IFNγ-ELISPOTand intracellular cytokine staining assays were used to
evaluate PCV2-ORF2-specific T-cell cytokine response in PBMCs after the PCV2d
challenge. aDynamic changes of the PCV2-ORF2-specific IFNγ-SC inPBMCs among
all groups post-challenge. bRepresentative images of ELISPOTwells from each group
at 7, 14 dpc. Comparison of single-, double-, or triple-positive cytokine responses in
CD4T cells (c) andCD8T cells (d) at 14 dpc among groups. All datawere background
subtracted. The dotted black line indicates the limit of detection (LOD). Responders
(top row) depict the number of pigs with positive responses. In (a), the thick color-

coded lines show the groupmean at each time point post-challenge and gray symbols
represent individual animals with gray lines connecting identical animals. In (c, d),
data are expressed as means ± SD with one symbol indicating one pig. Asterisks in
(c, d) represent significant differences (*P < 0.05) between indicated groups, while
“Intergroup Comparison” (bold: P < 0.01, bold and underlined: P < 0.05) on the top
panel of (a) indicate the intergroup difference at different time points and are color-
coded as follows: Mock (tangerine), PCV2d (red), G1 (green), G2 (mustard), G3
(blue), and G4 (purple). The statistical significance of data was analyzed using
unpaired two-tailed t-tests with Welch’s correction when indicated.
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Fig. 9 | PCV2-ORF2-specific T-cell cytokine response in tissues at necropsy. The
IFNγ-ELISPOT and intracellular cytokine staining assays were performed to assess
PCV2-ORF2-specific T-cell cytokine response in the spleen and inguinal lymph
node (ILN). a Representative images of ELISPOT wells in the spleen and ILN from
each group. b PCV2-ORF2-specific IFNγ-SC responses in the spleen and ILN across
groups. cRepresentative dot plots for IFNγ/TNFα/IL-2 triple-positiveCD4 andCD8
T cells in the spleen from distinct groups. Comparison of single-, double-, or triple-

positive cytokine responses in splenic CD4 T cells (d) and CD8 T cells (e) across
groups. Colored dots represent background-subtracted data from individuals;
horizontal lines display means; error bars indicate standard deviations. The dotted
black line denotes the limit of detection (LOD). Responders (top row) show the
number of pigs with positive responses. Asterisks denote significant differences
(*P < 0.05, **P < 0.01) between the indicated groups as determined by an unpaired
two-tailed t-test with Welch’s correction as appropriate.
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To avoid potential underestimation of G2 vaccine efficacy due to its
delayed kinetics, peak response comparison was carried out. The IFNγ-
ELISPOT assay was prioritized for assessing the overall magnitude of T cell
response due to its superior sensitivity in quantifying T cell response
(including CD4 and CD8 T cells). Peak analysis revealed a ranked IFNγ-SC
response across vaccine cohorts: G1 (410) >G3 (289) >G4 (214) ≈G2 (191)
at respective peak timepoints (14/28dpv), demonstrating that the inactivated
vaccines (G1/G3) inducedmoderately stronger cellular immunity compared
to the subunit vaccines (G2/G4). This inactivated/subunit vaccine disparity
aligns with prior findings37,40,41. The mechanisms underlying this disparity
require further investigation, as concurrent variations inadjuvantandantigen
contentmake it impossible to clearly attribute the difference solely to antigen
types. Notably, the peak response rank of IFNγ-SC paralleled that of theCD4
T cell cytokine peak response (considering responder numbers and fre-
quencies) across vaccine cohorts, but contrasted with CD8 T cell responses,
suggesting limited contribution of CD8 T cell to IFNγ production in this
study.Although triple-cytokineproducer ofCD8Tcellswere identified in the
G4 group, when integrating both overall response magnitude and positive
responder numbers, the current data failed to find differences among these
vaccines in inducing CD8 T cell responses. Additionally, the duration of
T-cell responses remains undefined given the limited observationperiod, and
the lack of ICS/cytotoxicity data at 7/21 dpv may have overlooked critical
findings, necessitating extended longitudinal studieswith increased sampling.

It is well known that PCV2 infection alone generally does not result in
overt clinical disease2,26. Accordingly, no clinical signs of PCVAD were
observed in either group after the challenge. Nevertheless, viremia, viral
shedding, and reducedweight gainwere evident inunvaccinated-challenged
pigs, indicating the success of our experimental infection. Consistent with
other studies11,40,42, our finding showed that PCV2 vaccines could confer
adequate cross-protection against PCV2d but fail to induce sterilizing
immunity.

Immunological memory is the foundation of nearly all vaccines. Sev-
eral studies have hinted at the existence of the T-cell anamnestic response to
PCV228,30, but its characteristics remain incompletely described. After the
PCV2d challenge, the prior vaccine-primedCD4TEM cells andCD8TEMRA

displayed vigorous proliferation, providing direct evidence for recall
responses while indicating their potentially critical role in PCV2 vaccine-
induced protection. The enhanced cytokine-producing T-cell response to
secondary PCV2 infections is controversial across various reports26,28.
Although the secondary expansion of PCV2-ORF2-specific IFNγ-SCs was
not evident post-challenge in this study, triple-cytokine co-producingTcells
showed a trend of progressive increase from0dpc (28dpv) to 14dpc in both
frequencies and responder numbers. Notably, T cells from vaccine cohorts
displayed higher multifunctionality in cytokine secretion than those from
challenged-only groups.This trendwasparticularly evident in the spleenbut
weak in peripheral blood. These findings collectively demonstrate that
PCV2 vaccine-primed T cells establish memory responses against PCV2d,
and the observed enhancement in T cell multifunctionality may represent
an early hallmark of the PCV2 memory response. However, given that the
proliferative response did not occur until 14 dpc, our study may not have
captured the peak of cellular memory responses.

In side-by-side comparisons of the cellular immune response following
the PCV2d challenge, the G1 group consistently exhibited relatively
superior responses across all parameters, including T-cell cytokine pro-
duction and proliferation in peripheral blood, and T-cell cytokine pro-
duction in the tissues. The G3 group demonstrated intermediate responses,
whereas the G2 and G4 groups showed the weakest responses. These
response hierarchies mirrored those observed in the primary responses.
Notably, although substantial individual variability frequently leads to the
lack of statistical difference betweenvaccinated groups, the consistent trends
observed across both primary and secondary immune responses as well as
multiple measurement indicators support the differences in cellular
immune responses elicited by the four PCV2 vaccines.

Overall, ourfindingsdemonstrate that all fourPCV2vaccinesprovided
adequate cross-protection against PCV2d, with T-cell responses induced by

the distinct vaccines showing remarkably similarity in functional properties
and memory phenotypes. Prior vaccination in pigs led to enhanced T-cell
proliferation and cytokine responses following the PCV2d challenge. The
observed characteristics in both primary and memory responses across
various vaccines may represent a critical factor in vaccine-mediated pro-
tection against PCV2. The differences among these vaccines are reflected in
the magnitude and kinetics of the immune response, which may be asso-
ciatedwith both antigen types and adjuvants. These detailed immunological
evaluations not only enhance the understanding of protective cellular
immune response to PCV2 but also contribute to broader efforts in porcine
vaccine development.

Materials and methods
Viruses and vaccines
Four commercial PCV2 andMycoplasma hyopneumoniae (Mhp) bivalent
vaccines were used in this study, including Fostera® Gold PCV MH (G1,
Serial No: 626248B, Zoetis, USA), Ingelvac CircoFLEX®/Ingelvac
MycoFLEX® (G2, Serial No: 3091661A/2730820A, Boehringer Ingelheim,
Germany), Porcine Circovirus Type 2 and Mycoplasma Hyopneumoniae
Vaccine, Inactivated (G3, Strain SH+Strain HN0613, Serial No: 230415,
Huizhong Biotech, China), Porcine Circovirus Type 2 and Swine Myco-
plasma Hyopneumoniae Vaccine, Inactivated (G4, Recombinant Baculo-
virus Strain DBN01 + Strain DJ-166, Serial No: 22510704, Jinyu
Biotechnology, China).

PK-15 cells (free ofPCV1)were culturedandmaintained inDulbecco’s
minimumessentialmedium (DMEM) supplementedwith 10%FBS (Gibco,
USA) and 1% antibiotics (Coolaber, China), and CQ2302 PCV2d strain
(GenBank accession no. PQ511330.1) were propagated and titrated in PK-
15 cells following the standard protocol43.

Animal and experiment design
Thirty healthy 3-week-old specific-pathogen-free (SPF) Landrace pigs were
purchased fromChundianBiotechCo., LTD (Qingdao, China), and housed
in separate animal enclosure units with negative pressure ventilation in the
experimental animal center of Zhongchong Sino Biotech Co., LTD (Taiz-
hou, China). Upon arrival, piglets were acclimatized for 5 days, and then
randomly assigned to six groups of five pigs. Pigs in the first 4 groups
(G1–G4) were vaccinated with four commercial PCV2 and Mhp bivalent
vaccines, respectively, via intramuscular injection following the doses
recommended by manufacturers. Pigs in the fifth (PCV2d) and sixth
(Mock) groups received an equivalent volume of sterile saline. At 28 days
post-vaccination (dpv), pigs in thefirst 5 groups (G1–G4, and PCV2d)were
intranasally (1mL) and intramuscularly (1mL) inoculated with CQ2302
PCV2d strain (105.0 TCID50/mL), while pigs inMock group inoculatedwith
PK-15 cell-culture supernatant in the same routes and volumes. After the
challenge, all pigs were monitored daily for rectal temperature and clinical
signs, and body weight was recorded at 0, 7, and 14 days post-challenge
(dpc). At 14 dpc, in accordance with Laboratory Animal Guidelines for
Euthanasia (T/CALAS 31-2017; Chinese Association for Laboratory Ani-
mal Sciences), all animals were humanely euthanized via intravenous
injection of 20mL saturated potassium chloride after being anesthetized
with an intravenous injection of propofol (3mg/kg). After confirmation of
permanent cessation of circulation, lung and inguinal lymph nodes (ILN)
were harvested for analysis of viral load and cellular immune responses.
Additionally, blood samples were collected weekly after vaccination/chal-
lenge to assess T-cell immune responses, and serum, swabs (nasal and fecal)
were collected at 0, 3, 7, 10, and 14 dpc to monitor viral load. A brief
overviewof our study design about T-cell immune responses is illustrated in
Fig. 1.

Ethics statement
The animal experiment was approved by the Animal Welfare and Ethics
Committee of Sino Technology with reference number SY2023018-Z, and
all procedureswere conducted strictly under theGuide for theCare andUse
of Laboratory Animals.
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Viral load and viral shedding measurement
The viral loads in serum, lung, ILN, and swab samples were quantified by a
standard curve quantitative real-time PCRassay established in our previous
study44. Briefly, the DNA was extracted from tissues (25mg), serum
(200 µL), and swab samples (200 µL) using the DNA Viral Genome
Extraction Kit (Solarbio, China) according to the manufacturer’s instruc-
tions, and the real-time PCR was performed on a Light Cycler 480 instru-
ment (Roche, Germany) with AceQ U+ Probe Master Mix (Vazyme,
China), followed by calculation with the standard curve quantitation
method.

Isolation of PBMCs and tissue mononuclear cells
The isolation of peripheral blood mononuclear cells (PBMCs) and tissue
mononuclear cells (MNCs) was carried out as the method described in our
previous reports45,46. Briefly, diluted heparin-anticoagulated blood (mixed
with PBS at the ratio of 1:1) and tissue single-cell suspensions (recovered
after passage through a 70 µm cell strainer) were gently layered over equal
volumes of Ficoll-Paque (TBD science, China), followed by density gradient
centrifugation at 500 × g for 30min. The cloudy interphase layer containing
MNCs was collected, pelleted, washed, and then resuspended in the cRPMI
(RPMI-1640 containing 10% FBS and 1% antibiotics). The number of live
MNCs was counted using a hemocytometer (Sigma, UK) with trypan blue
(Solarbio, China), afterwhich the cellswere adjusted to afinal concentration
of 2 × 107 cells/mL.

IFNγ-ELISPOT assay
Porcine IFNγ-ELISPOTassayswereperformedaspreviouslydescribedwith
minor modifications47. In brief, MultiScreen-IP plates (Millipore, USA)
were coated with anti‑porcine IFNγ mAb (10 µg/mL, pIFNγ-I, Mabtech,
Sweden) overnight at 4 °C, and then blocked with the cRPMI for 2 hours at
37 °C. PBMCs or tissue MNCs (3 × 105 cells per well) were co-cultured in
duplicates with either PCV2-ORF2 antigen or cRPMI alone (blank control).
The PCV2-ORF2 antigen comprised two components: recombinant capsid
protein (endotoxin-free, derived from E. coli, stock in PBS, 5mg/mL) and
overlapping peptide pools (21 peptides, 20-merwith 10-amino acid overlap,
derived from cap protein, stock in DMSO/PBS mixture, 10mg/mL per
peptide). Both components were standardized to 2 µg/mL (protein/single
peptide) in the final culture system, with total DMSO content maintained
below 0.02% (v/v). After 24-h incubation at 37 °C, the plates were washed
and biotinylated anti‑porcine IFNγ mAb (0.5 µg/mL, P2C11, Mabtech,
Sweden) was added, followed by streptavidin‑HRP (1:1000, Mabtech,
Sweden), and spotswere visualized usingTMBELISpot substrate (Mabtech,
Sweden). Plates were dried and spots were counted on a S6-Entry Immu-
noSpot Analyzer (CTL, USA). Determinations from replicate tests were
averaged, and ELISPOTdata was adjusted to the number of IFNγ-secreting
cells (IFNγ-SC) per million PBMCs/tissue MNCs after subtracting respec-
tive backgrounds (blank control). The limit of detection (LOD) for positive
PCV2-ORF2-specific IFNγ-SC responses was calculated by mean+ 3-fold
SD of all mocks, and in this study, it was 30 IFNγ-SC/106 PBMCs or
tissue MNCs.

Immunophenotypic analysis
Immunophenotyping of PBMCs was performed by staining for various cell
surface markers as we previously reported45–47. PBMCs (2 × 106 cells) were
stained with Fixable vital dye eFluor 780 (Thermo Fisher Scientific, USA),
followed by incubation with the antibody cocktail (list of antibodies is
provided in Supplementary Table 1) for 30min. All stained cells were
washed twice and resuspended in PBS for analysis by flow
cytometry (FCM).

Intracellular cytokine staining
Cytokine secretion profile of antigen-specific T cells was assessed through
intracellular cytokine staining (ICS) as described before45,47. 2 × 106 cells
were seeded in 96-well U-bottom plates and stimulated with PCV2-ORF2
antigen (dose components see above) for 18 h,with thepresenceofBrefeldin

A (5 μg/ml, Biolegend, USA) at the last 6 h of co-culture. Cells incubated
with cRPMI alone were set as blank control. After incubation, cells were
harvested, washed, and stained for surface markers using the aforemen-
tioned protocol, followed by fixed in 4% paraformaldehyde (PFA) for
10min andpermeabilizedwith 0.2%saponin for 20min. Subsequently, cells
were washed and incubated with fluorochrome-labeled intracellular anti-
bodies for 30min. Finally, cells were washed and resuspended in PBS for
FCM analysis. A detailed description of mAbs used in this panel is sum-
marized in the Supplementary Table 1.

Degranulation assay
To detect the degranulation of CD8 T cells (CTL), CD107a staining was
performed following the procedure from our previous study47. Briefly, cells
(2 × 106 cells/well) were stimulated with PCV2-ORF2 antigen (dose com-
ponents see above) or mock stimulated (cRPMI-only, blank control) in the
presence of anti-CD107amAbs (clone 4E9/11, Bio-Rad,USA) for 18 h,with
Brefeldin A (5 μg/ml, Biolegend, USA) and monensin (2 μM, Biolegend,
USA) being added during the last 6 h. Afterward, cells were harvested for
surface staining and FCM analysis by the procedures mentioned above.
Details on the mAbs used for degranulation assay are presented in the
Supplementary Table 1.

Proliferation analysis
Intranuclear staining of the proliferationmarker Ki-67 was implemented to
evaluate the proliferation of different T-cell subsets as previously above45,47.
Simply put, after extracellular surfacemarker staining as the above protocol,
cells were fixed and permeabilized using eBioscience Foxp3/Transcription
Factor Staining Buffer Set (Thermo Fisher Scientific, USA) according to the
manufacturer’s recommendation and then stained with anti-Ki-67 mAb
(clone B56, BD, USA). Cells were washed and resuspended in PBS before
FCM analysis. Detailed information about mAbs used in proliferation
analysis is shown in the Supplementary Table 1.

FCM analysis
Flow cytometry measurements were performed on a CytoFLEX S flow
cytometer (Beckman Coulter, USA). Compensation was adjusted using
single-stained samples. At least 100,000 events within the live lymphocyte
gate were collected for immunophenotypic analysis, and a minimum of
200,000 live lymphocytes were recorded for ICS, degranulation assay, or
proliferation analysis. Data analysis was conducted using FlowJo software
(Tree Star Inc., Ashland, OR), and a Boolean analysis was performed to
calculate the percentage of antigen-specific CD4 andCD8T cells producing
only one, a combination of two, or all of three cytokines tested (IFNγ, TNFα,
and IL-2). All gating strategies, based on fluorescence minus one (FMO)
control, were adapted from our previous studies45,47. For ICS and degra-
nulation assay, the frequency of antigen-specific T cells was calculated by
subtracting background measured in the corresponding blank control, and
antigen-specificT cell responsewas consideredpositive only if the valuewas
higher than the LOD (mean plus 3-fold SD of all mock).

Statistical analysis
Statistical analyses were carried out using the SPSS statistics software (SPSS
23.0, IBM). Differences among groups were determined using two-tailed
unpaired t-tests with Welch’s correction when indicated, and intragroup
differences were assessed by paired t-tests. The statistical details of the
experiments were provided in the respective figure legends. Results were
considered statistically significant at P < 0.05 and displayed as *P < 0.05,
**P < 0.01, ***P < 0.001. Details pertaining to significance were also noted
in the respective figure legends.

Data availability
All the data generated or analyzed during the study are included in this
published article. The datasets used and/or analyzed during the present
research project are available from the corresponding authors upon rea-
sonable request.
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